We study the optically induced spin polarization, spin dephasing and diffusion in several highmobility two-dimensional electron systems, which are embedded in GaAs quantum wells grown on (110)-oriented substrates. The experimental techniques comprise a two-beam magneto-optical spectroscopy system and polarization-resolved photoluminescence. Under weak excitation conditions at liquid-helium temperatures, we observe spin lifetimes above 100 ns in one of our samples, which are reduced with increasing excitation density due to additional, hole-mediated, spin dephasing. The spin dynamic is strongly influenced by the carrier density and the ionization of remote donors, which can be controlled by temperature and above-barrier illumination. The absolute value of the average electron spin polarization in the samples is directly observable in the circular polarization of photoluminescence collected under circularly polarized excitation and reaches values of about 5 percent. Spin diffusion is studied by varying the distance between pump and probe beams in micro-spectroscopy experiments. We observe diffusion lengths above 100 µm and, at high excitation intensity, a nonmonotonic dependence of the spin polarization on the pump-probe distance.
I. INTRODUCTION
The study of spin dynamics, spin dephasing and spin diffusion is an essential part of semiconductor spintronics 1-3 research, which ultimately aims at the implementation of the spin degree of freedom in micro-and nanoelectronic devices [4] [5] [6] [7] . Recently, applications combining optics and semiconductor spintronics have been suggested and demonstrated experimentally: the injection of spin-polarized carriers into semiconductor lasers reduces the laser threshold 8 and can allow for rapid amplitude modulation of the laser emission 9, 10 . It was also shown that the combination of a spin-polarized electron gas with a microcavity may yield very large Faraday rotation angles, with possible applications in fast light modulation devices 11 . The optical orientation and spin dynamics of free carriers in direct-gap semiconductors such as GaAs have been studied intensively. In n-doped bulk GaAs and two-dimensional electron systems (2DES) embedded in GaAs/AlGaAs quantum wells (QWs), electron spin dephasing at low temperatures is mostly governed by the Dyakonov-Perel (DP) mechanism 12 , in which dephasing occurs due to spin precession in the spin-orbit effective magnetic field in conjunction with momentum scattering. The DP mechanism can be suppressed by changing the symmetry of the spin-orbit field. In two-dimensional structures grown along the [110] crystallographic direction, the Dresselhaus spin-orbit field points along the growth direction. Therefore, the DP mechanism for the electron spin oriented along the growth direction is suppressed in the absence of an additional Rashba spin-orbit field 13 , and spin dephasing is modified if a combination of Rashba and Dresselhaus fields is present 14 . In symmetric modulation-doped (110)-grown structures, the spin dephasing times seem to be limited by the presence of random Rashba fields arising from the inhomogeneous distribution of the remote dopants 15, 16 . The spin dephasing in (110)-grown QWs and 2DES was studied experimentally by several groups [17] [18] [19] [20] [21] [22] . Due to the suppression of the DP mechanism, other spin dephasing mechanisms can be studied, yet the measurement of the lifetimes by optical techniques remains challenging due to spin dephasing induced via optically generated holes. A number of optical studies on spin diffusion using two-beam Hanle experiments were performed on n-bulk GaAs samples [23] [24] [25] [26] [27] , which show spin diffusion lengths well above 10 µm. The mobility in these systems, however, is very low due to the direct doping, and they do not allow for easy manipulation of the carrier density and the Rashba spin-orbit interaction by external gate voltages. Optical measurements of spin diffusion in QWs and 2DES are in many cases more challenging, as the spin diffusion length is shorter due to fast dephasing, so that techniques such as transient spin gratings 28 or shadow gratings 29 need to be applied. Large spin diffusion lengths can be observed in (110)-grown QWs in which carrier transport is facilitated by surface acoustic waves [30] [31] [32] and in (110)-oriented 2DES 21, 33 . Here, we present measurements of spin lifetimes, spin polarization, and spin diffusion lengths in high-mobility (110)-grown 2DES. We observe long spin lifetimes above 100 ns in the limit of weak optical excitation, and demonstrate that the spin dephasing drastically depends on the carrier density and the ionization of the modulation doping, which can be controlled by temperature and weak above-barrier illumination. The time-averaged spin polarization degree of electrons can be extracted from pho-# width density n EF µ Dn D and Dn, were calculated using equations (12) and (13), respectively. For calculation of D (ee) z , the electron-electron scattering time 10) and carrier densities for the temperatures corresponding to the experimental conditions in the spin diffusion measurements were used. In sample C, the carrier density n increases with temperature up to n = 2 · 10 11 cm −2 above 20 K due to full ionization of the remote dopants. The g factors were measured by timeresolved Faraday and Kerr rotation at liquid-helium temperature, changes of the g factors can be neglected in the temperature range studied here.
toluminescence (PL) measurements and reaches values of several percent. In experiments with high spatial resolution, we observe spin diffusion lengths above 100 µm and, for elevated excitation densities, nonmonotonic spin diffusion profiles.
II. SAMPLE STRUCTURE AND EXPERIMENTAL METHODS
Samples from three different wafers are studied in our experiment. All three wafers have a similar, complex growth structure, in which a GaAs QW is embedded in AlGaAs barriers, with a total of 4 doping layers placed symmetrically below and above the QW to ensure a nearsymmetrical band profile 34 . In addition to samples from wafer A, which were already investigated previously 21, 22 , both, a sample with higher density and similar QW width (sample B), and a sample with a more narrow QW (sample C), were studied.
For the measurements, sample pieces measuring 4 mm by 5 mm are cleaved from a wafer. They are mounted in vacuum on the cold finger of a He-flow cryostat. A tunable Ti-Sapphire continuous-wave (cw) laser is used as a source for the circularly polarized pump beam. It is tuned to λ x = 760 nm for all measurement series presented here. Therefore, it nonresonantly excites spinpolarized electron-hole pairs in the QW with an excess electron energy of about 100 meV, depending on the QW width and the sample temperature. In order to avoid the buildup of a dynamic nuclear polarization during the experiments, the helicity of the circularly polarized pump beam is modulated at a frequency of 23 Hz using a liquid crystal retarder. The z [110] component of the spin polarization is detected by near-resonant probing with a tunable cw diode laser, which is linearly polarized, via the magneto-optic Kerr effect (MOKE). Both beams are superimposed on each other at a beamsplitter and either coupled into microscope objectives with 20x or 10x magnification or focussed onto the sample using an achromatic lens with 50 mm focal length. The reflected probe beam is spectrally filtered using a bandpass to suppress the collinear pump beam and then coupled into an optical bridge, which detects the small rotation of the probe beam polarization axis due to the polar MOKE. A lock-in modulation scheme is used to increase the sensitivity of the detection. The spot sizes of pump and probe beams are about 4 µm, if the 20x microscope objective is used, and about 8 µm for the 10x objective. The lens leads to larger spot sizes of 40 µm for both beams. The spot size is determined by scanning the beam over a lithographically defined structure. For spatially resolved measurements, the pump beam is scanned with respect to the probe beam by a piezo-controlled mirror. In order to extract spin diffusion profiles, measurements are performed in which the amplitude of the MOKE signal is measured for zero applied field and the in-plane field of 20 mT, instead of measuring a full Hanle curve for each distance between pump and probe spots. The signal amplitude is determined from the difference of the two measurements. The cryostat is mounted between a pair of Helmholtz coils, and magnetic fields up to 30 mT can be applied in the sample plane.
For some measurements, an additional, weak abovebarrier illumination with a 532 nm cw laser is used. This laser is focused to a large spot diameter which covers the whole sample. To determine the effects of the abovebarrier illumination and to measure the spin polarization degree in the samples, photoluminescence (PL) measurements are performed using slight modifications of the experimental setup described above. Here, only the pump beam tuned to λ x = 760 nm is used to create electronpairs in the sample, it is focused onto the sample using the achromatic lens, so that a large focal spot of 40 µm is illuminated. Additionally, above-barrier illumination can be used in a similar way as described above. The resulting PL is collected in backscattering geometry using the same lens, coupled into a spectrometer and recorded using a liquid-nitrogen cooled charge-coupled device (CCD) sensor. To determine the spin polarization via PL measurements, the pump beam is circularly polarized. The circular polarization of the PL is analyzed by using an achromatic wave plate and a polarizer. The circular polarization degree P (E) is determined from two subsequent measurements, in which the PL in co-and contracircular helicity to the excitation is collected. It is calculated as a function of the PL energy by dividing the difference of the PL intensities I P L (E) for co-and contracircular helicity by their sum.
III. THEORETICAL APPROACH

A. Optical orientation and spin dephasing
The nonresonant excitation of a QW with circularly polarized light creates spin-polarized electron-hole pairs. While the holes typically lose their spin orientation during momentum relaxation, energy relaxation in the conduction band is mostly spin-conserving. However, due to valence-band mixing, the spin polarization degree for the optically oriented electrons is not 100 percent under nonresonant excitation conditions, but significantly lower. For excess energies as used in our experiments, an initial spin polarization degree for optically oriented electrons of about 30 percent was observed in a 20 nm wide QW 35 . At zero magnetic field and homogeneous photoexcitation, the z component of the electron spin density is given by
where G z is the spin generation rate, proportional to the excitation density I, and τ z is the lifetime of electron spin oriented along the QW normal. The decay rate 1/τ z is determined by three contributions,
with 1/τ lim z being the spin dephasing rate in the limit of zero excitation. In the absence of a global Rashba field arising from incomplete and asymmetric ionization of remote dopants, the time τ lim z is likely to be determined by the DP mechanism caused by small random Rashba fields present in any modulation-doped structure 15, 36 . The terms γ BAP z N h and γ r N h describe the spin decay due to the Bir-Aronov-Pikus (BAP) mechanism 37, 38 , which is proportional to the steady-state hole density N h , and the recombination of optically oriented electrons with holes, respectively. The role of photocarrier recombination is as follows: in the limit of high excitation density, nearly all of the optically oriented electrons would recombine with holes, similar to an undoped QW, and the photocarrier lifetime limits the spin lifetime. It follows from Eqs. (1) and (2) that S z (0) is given by
In the limit of very low excitation density, where the time τ lim z determines the spin lifetime, S z (0) depends linearly on the excitation density I, as G z ∝ I. For increased excitation density, S z saturates, as N h ∝ I. Due to the low spin dephasing rate 1/τ lim z in absence of a global Rashba field, this saturation can occur at rather low values of the excitation density. Below we demonstrate that the experimental amplitude data is well-described by the fit function
which has the excitation density dependence of Eq. (3). We note that, from the excitation-density dependence, the relative magnitude of γ BAP z and γ r cannot be determined. In deriving Eq. (4), we neglect the influence of photoexcitation and excitation-induced heating on the DP mechanism. It will be shown below that this effect may be important and is pronounced in one of our samples.
The application of an in-plane magnetic field leads to a depolarization of the optically oriented spin polarization due to spin precession. The dependence of the timeaveraged spin density S z on the magnetic field is given by the Lorentzian
Here, ω L = g e µ B B/ is the Larmor frequency, which is determined by the electron g factor and the applied magnetic field B, and µ B is the Bohr magneton. The inplane g factors of our samples have been determined by time-resolved Faraday and Kerr rotation measurements (not shown), the values are given in table I. The spin lifetime obtained in Hanle measurements is given by
where τ is the in-plane spin dephasing time. The rate 1/τ can be also presented in the form of Eq. (2). How-
in symmetrically (110)-grown structures, as 1/τ lim is determined by the conventional DP mechanism in the Dresselhaus field perpendicular to the QW plane, while γ BAP and γ BAP z are comparable. The ratio τ lim z /τ lim ∼ 7 has been reported previously 20 , and even larger anisotropies up to 50 were recently observed in resonant spin amplification (RSA) measurements 22 . In the excitation density range we study, we may therefore neglect the effects of BAP mechanism and recombination on the in-plane spin dephasing rate and use the expression for the spin lifetime measured in Hanle experiments
For N h ∝ I, the spin dephasing rate extracted from the Hanle curves has the following intensity dependence:
At low excitation intensity, the width of the Hanle curve is determined by τ lim z τ lim . For the DP mechanism of spin dephasing in the collision-dominated regime, the time τ lim is given by
where γ is the bulk Dresselhaus constant, m * is the effective mass, τ * p is the scattering time,ε = E F /[1 − exp(−E F /k B T )] is a characteristic energy equal to E F = πn 2 /m * and k B T for the degenerate distribution with the Fermi energy E F and Boltzmann distribution with the temperature T , respectively.
The time τ * p describes the decay of the first angular harmonic of the spin distribution function in k-space 13, 39 . It determines the spin diffusion coefficient 40 and the relaxation time of pure spin current 41 . The time τ * p is limited by, both, electron scattering from static defects and phonons as well as electron-electron collisions. The latter do no directly influence the electron gas mobility but affect the spin dynamics as they lead to an isotropization of the spin distribution in k-space. This influence is directly observable, e.g., in the decay of coherent precession of spin-polarized electrons 42, 43 . The electron-electron scattering time in a degenerate 2DES with the Fermi energy E F at the temperature T ≪ E F /k B can be calculated for the strict two-dimensional limit
In high-mobility 2DES, even at liquid-Helium temperatures, τ ee is significantly smaller than the momentum relaxation time τ p , which can be determined from the mobility, and provides the upper limit for the time τ * p .
B. Spin diffusion
Now we consider spatially inhomogeneous optical excitation and diffusion of the z component of electron spin in the QW plane at zero magnetic field. The spatial distribution of the spin density induced by the spin pumping G z (r) can be found from the diffusion equation
where r is the in-plane coordinate and D z is the diffusion coefficient for the z component of the electron spin,
As discussed above, due to electron-electron collisions the spin diffusion coefficient D z is significantly smaller than the charge diffusion coefficient D n , which can be obtained from the mobility by using the Einstein relation,
where e is the elementary charge. This reduction of spin diffusion is known as the spinCoulomb-drag 40 . The reduction is suppressed at high electron spin polarization, where the carrier majority with a certain spin projection determines transport properties. Values for D n calculated for our samples using the parameters extracted from magnetotransport data are given in table I. Due to the high carrier mobility in our 2DES, the charge diffusion coefficients are large.
The solution of the diffusion Eq. (11) for a point-like excitation spot and spatially-independent τ z and D z has the form
where K 0 is the modified Bessel function of the second kind (MacDonald function), C is a constant depending on the excitation intensity, and L z is the spin diffusion length,
At r ≫ L z , the function S z (r) has the asymptotic behavior
By fitting experimental data far from the excitation spot, where the influence of holes on electron spin dynamics is negligible, with Eq. (16) we can extract the spin diffusion length L z . We note that the MacDonald function yields larger values of L z than the simple exponential decay function used in our previous work 21 . The knowledge of the time τ s and the length L z measured independently in similar experimental conditions allows us to determine other relevant parameters. Indeed, by combining Eqs. (6), (9) , (12) , and (15) we obtain
with
IV. RESULTS AND DISCUSSION
A. Spin dephasing First, we study the spin dephasing in the samples as a function of experimental parameters. To suppress the effects of spin diffusion out of the pump spot in these measurements, the experiments are performed using the larger spot size of 40 µm, with full overlap of pump and probe beams. Figure 1 B, it is clearly visible that the linewidth of the Hanle curve increases significantly with the excitation density, only a small narrowing of the Hanle curve is observed in sample C for an even larger range of excitation densities. The spin lifetimes for both samples, extracted from the linewidth of the Hanle curves, are shown in Figs. 1  (c) and (d) . Here, sample B shows a behavior already observed previously 21 in sample A: the spin lifetime decreases with increasing excitation density. For the lowest excitation density, it reaches values of more than 100 ns. The solid black line in Fig. 1 (c) corresponds to a fit to the dependence of the spin lifetime using Eq. (8). Additionally, the signal amplitude, which corresponds to S z (0) in Eq. (5), saturates at low excitation densities, the solid red line corresponds to a fit to the signal amplitude data using Eq. (4). For both fit curves, the same saturation amplitude I 0 = 0.052 W/cm 2 was used. This radiation intensity corresponds to the photoinduced hole density ∼ 4 × 10 6 cm −2 for a QW absorbance η ∼ 2 percent, which was determined experimentally for similar QW samples, and a hole lifetime of 1 ns. The observed behavior may be explained as follows. The quantum wells in samples A and B are macroscopically symmetric and the BAP mechanism of spin dephasing plays an important role, which leads to a decrease of the spin lifetime τ s with increasing the excitation density, see Eq. (8) . The samples differ mainly in the maximum value of τ s that can be reached in the limit of low excitation density, and in the excitation density for which saturation of the signal amplitude occurs. By contrast, in sample C, the spin lifetime increases with the pump excitation density. From this, we infer that the dominant dephasing mechanism for this sample, under the experimental con- ditions in this measurement series, is the Dyakonov-Perel mechanism. In this regime, the optically generated holes serve as scattering centers, reducing the momentum relaxation time, and thereby increasing the spin lifetime. Additionally, the increased excitation density leads to local heating, which aids the ionization of remote dopants. We will show below that the dominant dephasing mechanism in sample C changes with temperature. We now look at the temperature dependence of the spin lifetime, which is given in Fig. 2 for samples A and C. While for sample A, the spin lifetime monotonously decreases with temperature, sample C shows a pronounced maximum of the spin lifetime at about 20 K. Such a drastic change of the spin lifetime with temperature was recently observed by resonant spin amplification in a similar sample 22 . The reason for this behavior lies in the complex growth structure of our samples: while the sample design is optimized to yield a highly symmetrical modulation doping, leading to a vanishing Rashba spin-orbit field, we observe that in some wafers, at low temperatures, the remote donors are not fully ionized. This leads to a reduced carrier concentration, but more importantly, it also gives an asymmetric ionization of the dopant layers below and above the quantum well, resulting in a pronounced Rashba field. This leads to spin precession also for the out-of-plane spin component and makes the DP mechanism dominant. With increasing temperature, the remote dopant layers become fully ionized, increasing the carrier concentration, and also significantly reducing the Rashba field. Now, the DP mechanism is suppressed for the out-of-plane spin orientation. The decrease of the spin lifetime with temperature, which is observed in sample A for the whole temperature range investigated, and in sample C for temperatures above 18 K, where ionization of remote dopants is complete, stems from the BAP mechanism. This mechanism becomes more efficient with increasing temperature because of reduced Pauli blocking and increased electron-hole scattering rates 44 . Next, we investigate the effects of above-barrier illumi- nation on the spin dynamics. The generation of electronhole-pairs in the barriers leads to a redistribution of the donor electrons in a two-step process: while optically generated holes in the valence band can easily move from the barrier layers into the QW, there is a potential barrier for electrons in the conduction band which is formed by the modulation doping. The holes may then recombine with electrons in the QW, effectively transferring electrons from the 2DES back to the dopant layers 45 and reducing the carrier density. This process is also known as optical gating and may even lead to inversion of the carrier type 46 . We can directly observe this effect in PL measurements, as shown in Fig. 3(a) for sample A. If no above-barrier illumination is used, the PL from the 2DES shows a typical, shark-fin like shape. The width of the PL peak corresponds to transitions in the QW from the lowest-lying energy states in the conduction band up to the Fermi energy of the 2DES, therefore, the PL width can be used to monitor the carrier density in the 2DES. By increasing the power of the above-barrier illumination, the width of the PL is reduced significantly. To study the effect of optical gating on the spin dynamics, Hanle measurements were performed for a fixed pump intensity, with varying above-barrier illumination power, for samples A and C. The spin lifetimes extracted from the Hanle curves are plotted in Figs. 3(b)-(d) 52 . In sample A, where the BAP mechanism plays an important role, we see a decrease of the spin lifetime with the abovebarrier illumination. Here, the reduction of the carrier density in the 2DES reduces Coulomb screening of the photogenerated holes, increasing the electron-hole scattering rate. Therefore, the BAP mechanism becomes more effective, leading to a reduction of the spin lifetime. By contrast, sample C shows a different behavior at low temperatures, evidenced by Fig. 3(c) : here, the spin lifetime increases with the above-barrier illumination power. This finding supports the interpretation that, at low temperatures, the spin dephasing in sample C is dominated by the DP mechanism. Therefore, the reduction of the carrier density (and the Fermi energy, accordingly) leads to a slowdown of the spin dephasing due to a reduction of the spin-orbit effective magnetic field as well as a decrease of the scattering time τ * p . The first effect is caused by the fact that, in QWs, the effective field is proportional to the electron wave vector. The latter results from a reduction of the Coulomb screening and decrease of the electron-electron scattering time τ ee , cf. Eq. (10) .
Additionally, the above-barrier illumination of sample C may reduce the asymmetry in the ionization of the remote dopants at low temperatures, leading to a reduction of the Rashba spin-orbit field. This effect was observed recently in RSA measurements on a similar sample 22 . We note that, at higher temperatures, the dependence of the spin lifetime on the above-barrier illumination changes, as Fig. 3(d) shows. Here, we see a similar behavior as in sample A, indicating that the BAP mechanism becomes dominant in sample C at higher temperatures due to vanishing of the regular Rashba field in the structure with fully ionized dopants.
B. Spin polarization
To study the optically induced spin polarization in our samples, we investigate the circular polarization degree of the PL. In contrast to the Hanle-MOKE measurements, which give only a Kerr rotation angle that is proportional to the time-averaged spin polarization, the circular polarization degree of the PL may be used to determine the absolute spin polarization degree in the sample. Figure 4 (a) shows two helicity-resolved PL spectra measured on sample A at 4 K using an excitation density of 5.4 Wcm −2 . It is clearly visible that for co-circular excitation and detection, there is a larger PL signal observed at the high-energy side of the PL from the 2DES. From the two PL spectra, we can calculate the circular polarization degree P (E) as a function of the PL energy. This is plotted in Fig. 4(b) for the spectral regions in which strong PL is emitted from the sample. We see that the circular polarization degree of the PL is large at the high-energy edge of the PL emitted from the 2DES, reaching almost 20 percent. This observation may be interpreted as follows: in a 2DES at zero temperature in the absence of an external magnetic field, all available states below the Fermi level are occupied with equal numbers of the spin-up and spin-down electrons, while states above the Fermi level are unoccupied. A spin polarization may only occur if spin-polarized electrons are added to the system above the Fermi energy. Finite temperatures lead to a softening of the Fermi-Dirac function in the region around the Fermi energy, so that a difference in occupation between the spin-up and spin-down electron states is also allowed below the Fermi energy. A similar behavior was observed in highly-doped n-bulk GaAs 47 . The electron temperature in the samples during PL measurements has been determined by analyzing the high-energy tail of the PL (see, e.g., ref. 48 for details) to be about 20 K for a nominal sample temperature of 4.5 K. As an in-plane magnetic field is applied to the sample, depolarization of the PL can occur due to precession of the spin-polarized electrons. The circular polarization degree for the applied field of 20 mT is also depicted in Fig. 4(b) . For this magnetic field value, however, there is no significant change of the circular polarization of the PL as compared to the zero-field measurements, as for the excitation density used in the PL measurement the spin lifetime is strongly reduced via the BAP mechanism.
Given that only PL due to recombination of electrons close to the Fermi energy yields a circular polarization, we investigate the excitation-density dependence of the PL spectrum in more detail. Figure 4 (c) shows a series of PL spectra of sample A measured for different excitation densities. For low excitation density, the PL is dominated by the low-energy peak. Under these conditions, the optically generated holes can relax to the valenceband top during the photocarrier lifetime and, therefore, recombine with electrons close to k = 0, which do not carry a spin polarization. As the excitation density is increased, optically generated holes also occupy valence- band states with larger k values, so that the PL spectrum develops a more pronounced high-energy shoulder due to recombination of spin-polarized electrons close to the Fermi energy. Thus, depending on the excitation density, different subsets of the 2DES are probed in PL experiments. This is evident in the dependence of the circular polarization degree (averaged over the PL spectrum) on excitation density, shown in Fig. 4(d) . We clearly see that the average polarization grows with increasing excitation density, where spin-polarized electrons start to contribute to the PL, and saturates for larger values. The low-excitation-density regime, in which we observe long spin lifetimes and saturation of the MOKE signal amplitude, does not yield a measurable circular polarization degree of the PL. This finding is an indication that PLbased measurements are of limited use to study the spin dynamics and optical orientation in samples with degenerate electron or hole systems.
C. Spin diffusion
Now, we study the spin diffusion in our samples as a function of experimental parameters. Figure 5(a) shows spin diffusion profiles measured on sample C for different excitation densities at a temperature of 18 K, where the spin lifetime in sample C reaches its maximum [see Fig. 2(b) ] due to complete ionization of the remote donors. For the lowest excitation density depicted, the diffusion profile shows a monotonic decrease of the timeaveraged spin polarization as a function of the distance between the pump and probe spots. A diffusion length of 150 µm is extracted from this profile by fitting the experimental data by the MacDonald function (14) . As the excitation density is increased, a pronounced minimum develops at the overlap of pump and probe beams. This behavior was previously reported also for sample A and can be explained as follows: at the overlap of the pump and probe spots, the spin dephasing speeds up due to the presence of holes generated by the pump beam. The hole density is mostly confined to the pump spot, as the hole diffusion is suppressed by photocarrier recombination and the large hole effective mass.
Far from the excitation spot, holes are absent and the spin polarization monotonically decays with the distance between the pump and probe spots. The decay is well fitted by Eq. (14) , which enables us to determine the spin diffusion length L z . The extracted dependence of L z on the excitation density for samples A and C is shown in Fig. 5 . In sample A, we observed a large increase of the spin diffusion length with increasing excitation density and then a slight decay, Fig. 5(c) . Remarkably, the spin diffusion length in sample C, depicted in Fig. 5(b) , does not show such an increase for the excitation density range studied, but only a slight decrease. We attribute the growth and saturation of the spin diffusion length with the excitation density in sample A with the suppression of the spin-Coulomb-drag 40 at high spin polarization degree. In sample C, where the resident carrier concentration is low and the spin lifetime is long, spin polarization can be very high in this measurement series, so that an influence of the spin-Coulomb-drag on spin diffusion is not that pronounced and effects of electron gas heating can be more critical. By contrast, weak abovebarrier illumination strongly modifies the spin diffusion profiles in sample C, as demonstrated in Fig. 5(d) . Here, a clear transition from large spin diffusion length values to small values occurs for a critical value of the abovebarrier illumination power. This observation indicates that the reduced carrier density leads to a changeover from degenerate to nondegenerate regime in the 2DES, so that it follows Boltzmann statistics. In sample C, PL measurements in combination with above-barrier illumination (not shown) indicate that the carrier density can be reduced to less than 3×10 10 cm −2 , corresponding to a Fermi temperature below 15 K. This leads to a decrease of the average electron energy, even if it is well above the lattice temperature due to the nonresonant excitation 49 , and, hence, to a slowdown of diffusion, see Eq. (12) .
Finally, we study the temperature dependence of the spin diffusion length. Figure 6 shows the diffusion length in samples A and C as a function of temperature. We note that the spin diffusion length in sample C is more than five times larger than that in sample A at low temperatures, and that spin diffusion can be studied in sample C for temperatures above 100 K, while the Hanle-MOKE signal in sample A is lost above 40 K. Additionally, both samples show a near-constant value of the spin diffusion length in a large temperature window. This is remarkable, given that the spin lifetime in sample A drops monotonously from 40 ns at 4 K to about 10 ns at 30 K (Fig. 2(a) ), while the spin lifetime in sample C shows a pronounced maximum at 18 K and varies by a factor of 4 in the temperature window between 4 K and 50 K (Fig. 2(b) ), in measurements with a large focal spot. From the constant spin diffusion length we infer that the electron gas is significantly overheated at sample temperatures below 30 K due to the large excitation density resulting from the tightly focussed excitation, so that changes in the lattice temperature do not modify spin dephasing time nor diffusion coefficient. Remarkably, this overheating apparently influences the spin diffusion also at large distances from the pump spot. Overheating effects were recently studied in low-doped bulk GaAs, and shown to be relevant at temperatures below 25 K and distances of up to 30 µm 51 . They can be even more pronounced also at higher temperatures due to the high mobility in our 2DES: it corresponds to a very weak coupling between the electron system and the lattice via inelastic scattering processes, so that the colder lattice is an inefficient heat sink for the electron system. Using the assumption that the electron temperature during the diffusion measurements corresponds to the highest sample temperature for which the diffusion length is constant, we can extract values for the spin diffusion coefficient D z , out-of-plane and in-plane spin dephasing times, τ z and τ , respectively, following Eqs. (17)- (19 values calculated for the degenerate electron gas with the estimated experimental temperature using equation (12) . While these low values of D z limit the spin diffusion length, they may in fact be beneficial in spin transport devices in which an electric field is used to laterally drag packets of spin-polarized carriers. In this case, the spin-Coulomb-drag can considerably suppress spatial dispersion of the spin packets.
Conclusion
In conclusion, we have investigated spin dephasing, spin polarization and spin diffusion in a series of highmobility (110)-grown 2DES. In the limit of weak excitation, we observe long spin lifetimes above 100 ns in our samples at low temperatures. With increasing excitation density, the spin lifetimes are reduced due to additional dephasing induced by the photogenerated hole density, namely the BAP mechanism, and recombination of spinpolarized electrons with holes. The spin dynamics in the samples are strongly influenced by the carrier density and profile of the ionization of remote donors, which can be controlled by temperature and above-barrier illumination. The absolute value of the average spin polarization is estimated from photoluminescence data collected under circularly polarized excitation and exceeds 5 percent. Due to the degenerate distribution of electrons in the samples, photoluminescence-based studies give only limited access to the spin dynamics. Spin diffusion profiles show diffusion lengths of more than 100 µm and a nonmonotonic dependence of the average spin polarization on the pump-probe distance for high excitation densities. The temperature-dependent spin diffusion measurements indicate that the 2DES is significantly overheated under focused photoexcitation for lattice temperatures below 30 K.
